Microbial keratitis is a sight-threatening complication associated with contact lenses. The introduction of silicone hydrogel lens materials with increased oxygen transmission to the ocular surface has not significantly altered the incidence of microbial keratitis. These data suggest that alternate, or additional, predisposing factors involving lens wear must be addressed to reduce or eliminate these infections. The contact lens can provide a surface for microbial growth in situ and can also influence ocular surface homeostasis through effects on the tear fluid and corneal epithelium. Thus, it is intuitive that future contact lens materials could make a significant contribution to preventing microbial keratitis. Design of the "right" material to prevent microbial keratitis requires understanding the effects of current materials on bacterial virulence in the cornea and on ocular surface innate defenses. Current knowledge in each of these areas will be presented with a discussion of future directions needed to understand the influence of lens material on the pathogenesis of microbial keratitis.
M icrobial keratitis is an acute and potentially serious complication of contact lens wear. Increasing resistance of infecting bacteria to antimicrobial therapy complicates the treatment of microbial keratitis. Even with successful therapy, visual outcomes of microbial keratitis often involve reduced visual acuity. Although microbial keratitis is a rare complication of contact lens wear, the number of lens wearers, the severity of infection, and the risk to vision provide important reasons to study this disease and ways to prevent it. Unfortunately, several decades of research have not yet solved the pathogenesis of microbial keratitis, but they have yielded many advances in the field that shed light on the details of infection and corneal susceptibility in human populations and animal models of infection. [1] [2] [3] It has become very clear that microbial keratitis is a "multifactorial" disease. Although risk factors include overnight or extended wear of contact lenses, poor patient compliance with lens care, and microbial contamination of lenses and cases, not one factor has yet been identified that determines infection susceptibility. Disappointingly, the advent of silicone hydrogel lenses, with significantly greater oxygen diffusion than conventional hydrogels, has not reduced the risk of microbial keratitis. 4, 5 In a sense, however, this is perhaps not surprising. In every patient, the contact lens is being introduced for hours or days at a time into a complex dynamic system involving the tear film, the ocular surface, and the environment, with a constant exposure to microbes and their antigens. The complex dynamic system involving the tear film normally protects the eye from infection, but neither we fully understand how this occurs nor we know how the contact lens affects that dynamic. Understanding both will be needed for us to determine the critical combination of factors needed to allow infection.
The question to address in this article is as follows: could contact lens material affect the pathogenesis of microbial keratitis? The immediate answer is that we do not yet know, but it is clear that the contact lens could play a pivotal role in both bacterial virulence in the cornea and modulating corneal defenses against infection and that future lens materials could make an important difference in solving this serious complication. This article will highlight some key mechanisms by which the contact lens could participate in microbial keratitis, and how future lens material alterations could reduce the significance of those events, and reduce or eliminate this disease.
LENS MATERIAL AND BACTERIAL COLONIZATION OF THE CONTACT LENS
Patients' contact lenses, and especially lens cases, can have extraordinary levels and diversity of microbial contamination. 6 Although rates of lens/case contamination do not relate to the incidence of microbial keratitis, these microbes provide an obvious source of potentially causative pathogens when other prevailing conditions are suitable for infection. Lens materials provide a conduit for bacterial and fungal attachment that is influenced by lens material type, [7] [8] [9] with silicone hydrogel lenses actually showing greater adhesion of Pseudomonas aeruginosa and Staphylococcus aureus. 10, 11 As such, modification of current materials to prevent attachment or kill initially attaching microbes represents one mechanism for reducing the risk of infection. 12, 13 Lens-attached bacteria can readily form biofilms with enhanced resistance to antimicrobials, 14 and P. aeruginosa biofilms formed on contact lenses show greater density and viable bacteria when formed in the presence of phagocytic cells or corneal epithelial debris. 15, 16 These data are consistent with our studies using a contact lens wear in vivo rodent model of Pseudomonas keratitis which showed extensive biofilm formation on posterior lens surfaces associated with the development of microbial keratitis. 17 These infections occurred after several days of continuous lens wear suggesting that bacterial adaptation was needed to the ocular environment for infection to occur. That adaptation is likely to involve those biofilm-associated bacteria that could be protected from natural antimicrobial host defense factors present in the tears or secreted by the cornea. Ocular antimicrobial factors seem to be active because anterior lens surfaces showed minimal microbial colonization in the in vivo model. 17 Biofilms would not only offer a survival advantage but also an opportunity for bacteria to adapt their gene expression to express phenotypes more suited to the prevailing ocular environment. Indeed, biofilms transferred from infected rodent eyes induced keratitis more rapidly than initially inoculated bacteria. 17 Although this faster progression to disease may reflect transference of inflammatory mediators, or other in vivo factors, which compromise epithelial barrier function, it may also reflect the presence of adapted biofilm bacteria "primed" for infection of the cornea. Some of our other unpublished studies have also shown that P. aeruginosa adapts to traversal of human corneal epithelia with diverse changes in gene expression which have the potential to contribute to virulence. Interestingly, these traversed/ adapted bacteria also formed extensive biofilm-like aggregates. Together these data suggest that contact lens material play a key role in the pathogenesis of microbial keratitis in allowing bacterial adhesion and biofilm formation and that modification of lens material to prevent attachment, inhibit bacterial viability or adaptive changes in gene expression, could have a tremendous impact in reducing the risk of infection. However, further studies are needed to determine which bacterial genes are critical for adhesion, adaptation, and virulence on the posterior lens surface in vivo and to understand whether biofilm or dispersed bacteria cause subsequent corneal infection. Results of those studies could then allow the design of contact lens material(s) that reduce or block these processes. Interestingly, using an in vivo rodent lens-wearing model of P. aeruginosa keratitis similar to that described above, silicone hydrogel lenses were associated with reduced risk of inflammation and infection compared with conventional hydrogel lenses suggesting that lens material can have an influence in vivo. 18 However, the relationship of all of these findings to infections in humans remains to be determined ( Fig. 1 ).
LENS MATERIAL AND CORNEAL DEFENSES AGAINST INFECTION
The contact lens is not only a potential conduit for bacterial attachment and adaptation in vivo but can also influence the ocular surface environment and innate defenses against infection. One part of our studies of the pathogenesis of microbial keratitis is focused on normal defenses of the cornea against infection and the mechanisms by which contact lenses may compromise those defenses. Indeed, the normal uninjured cornea is remarkably resistant to bacterial colonization and infection. In rodent models, we have shown that the introduction of large P. aeruginosa inocula into the uninjured eye, including cytotoxic clinical isolates that damage and kill corneal epithelial cells, results in a rapid clearance of bacteria within hours and without tissue injury. 19 This "null infection" model is proving very useful to study the pathogenesis of microbial keratitis, by allowing us to understand the normal innate defenses of the cornea, and how contact lenses may compromise these defenses to allow bacteria, such as P. aeruginosa, to adhere and traverse the corneal epithelium, the latter being a prerequisite for infection and disease. In recent studies, we have highlighted the importance of corneal innate defense in protection against P. aeruginosa. For example, using a null infection in vivo model, we showed that normal mouse corneas are resistant to P. aeruginosa adherence and epithelial traversal and show no fluorescein staining (Fig. 2, center panel) . However, if the intact mouse cornea was blotted with tissue paper, similar to impression cytology, extensive fluorescein staining was observed ( Fig. 2, left panel) . Moreover, those corneas also allowed P. aeruginosa to bind to the corneal epithelium, but the corneas did not allow bacteria to traverse the epithelium or cause infection. 20, 21 Therefore, tissue paper blotting removed a key adhesion defense from the cornea, which allowed fluorescein staining, but did not allow infection. Fluorescein staining without subsequent infection was not surprising because we had previously observed a similar phenomenon in healing mouse corneas in vivo. 22 Interestingly, mice deficient in the innate defense adaptor protein myeloid differentiation primary response gene-88 (MyD88), which controls the expression of numerous innate defense factors derived from tolllike receptor (TLR) or interleukin-1 receptor (IL-1R)-mediated responses to bacteria, allowed P. aeruginosa to bind to the cornea and readily traverse the corneal epithelium. The latter occurred without tissue paper blotting, and MyD88 knockout corneas showed no staining with fluorescein ( Fig. 2, right panel) suggesting that their epithelial tight junctions were intact. Two-photon imaging of MyD88 knockout mouse corneas after inoculation with P. aeruginosa showed bacteria readily traversing the epithelium after 8 hours (Fig. 3A) , preceded by increased bacterial adherence to the seemingly intact corneal epithelium after 4 hours ( Fig. 3B ). 21 These data show that MyD88-mediated corneal defenses, presumably to bacterial antigens, are critical for host defense against P. aeruginosa adhesion and epithelial traversal, but not through disruption of epithelial tight junctions, a previously known factor for increased corneal susceptibility to infection. These data also show that the cornea has independent defenses against P. aeruginosa adhesion and traversal when MyD88 is present.
Cationic antimicrobial peptides represent one group of important corneal innate defense factors that are regulated by MyD88 either via TLR or IL-1R-mediated signaling. [23] [24] [25] We have shown that mouse beta defensin-3, the murine equivalent of human beta defensin-2, is involved in clearing P. aeruginosa from the ocular surface and preventing bacterial colonization. 26 Others have also shown that mouse beta defensin-3 also participates in defense against P. aeruginosa at later stages of infection and disease. 27, 28 However, several years ago, we published a study showing that when contact lenses were placed on human corneal epithelial cells for 72 hours in vitro, the cells lost their ability to respond to bacterial antigens. 23 As a result, lens-exposed epithelial cells failed to upregulate human beta defensin-2 (mRNA and protein) in response to P. aeruginosa antigens. Lens suppression of corneal epithelial innate defenses involved the suppression of c-Jun N-terminal mitogen activated protein kinase and activator protein-1-activated stress response signaling in the epithelial cells, but did not affect expression of TLRs 2, 4, or 5. The mechanism for these effects is unknown, but the corneal epithelial cells seemed healthy, and lenses were extensively soaked in sterile saline to remove packaging solutions before cell exposure. These data still need to be confirmed in vivo but suggest that lens material itself can influence corneal epithelial innate defenses. Interestingly, contact lenses did not suppress bacterial-induced nuclear factor kappa-B signaling in corneal epithelial cells, the latter transcription factor well known for its involvement in corneal proinflammatory cytokine secretion in response to bacterial antigens. 29, 30 Thus, lens material has potential to suppress certain pathways of innate defense although allowing proinflammatory factor expression, an ideal situation for increasing epithelial vulnerability to bacterial attack. Nevertheless, further studies are needed to determine if/ how lens material influences epithelial innate defense signaling in vitro and in vivo and which changes in lens material design could help abrogate those effects. Contact lens material also has the potential to influence other aspects of corneal epithelial defense beyond the suppression of antimicrobial factors. In vivo studies using lens-wearing rabbit models have shown contact lens wear can influence (decrease) epithelial cell proliferation in the central cornea, with the greatest effect observed for lenses with low oxygen transmissibility. 31 Similar models have also shown contact lens effects in slowing differentiation and renewal of the corneal epithelium in vivo. 32 Each of these lens-mediated effects could influence the ability of the corneal epithelium to form an effective barrier against P. aeruginosa and other pathogens. Indeed, both hypoxia and contact lens wear have been associated with lipid raft formation and increased P. aeruginosa internalization into corneal epithelial cells in vitro and in vivo. 33, 34 Recent studies have also shown that lens materials and coatings can influence the cytotoxic effects of contact lens care solutions on corneal epithelial cells, for example, cell health, and the expression of adhesion molecules. 35 It is not yet known how each of these lensmediated effects influence the pathogenesis of microbial keratitis in humans, but it is clear that lens material effects on corneal epithelial cell biology (cell health, proliferation, differentiation, expression of adhesins, signaling) must be considered when designing lenses with a reduced risk of microbial keratitis.
LENS MATERIAL AND TEAR-MEDIATED DEFENSES
Tear fluid-mediated defenses against infection represent another element of ocular defense that could be influenced by lens material. Lens material could affect the volume of the postlens tear film or the tear film composition; the latter through absorption/adsorption or inactivation of tear film components or compartmentalization of the tears, for example, separation of proteases and protease inhibitors. Disruption of tear volume and/or composition could readily increase corneal susceptibility to infection. Our studies have shown that human tear fluid protects corneal epithelial cells from bacterial virulence mechanisms in vitro and virulence in vivo through direct effects on bacterial cells (bacteriostatic/aggregation) and through an influence on corneal epithelial innate defenses. [36] [37] [38] In the latter instance, we have found that treatment of human corneal epithelial cells with human tear fluid protects the cells from P. aeruginosa invasion and cytotoxic effects through alteration of epithelial gene expression. Corneal genes for Ribonuclease7, an antimicrobial protein, and ST-2, an immune-modulator, were both significantly upregulated by human tear fluid with and without the presence of bacterial antigens. Small interfering RNA knockdown showed that both genes helped protect against P. aeruginosa internalization. 38 Interestingly, these tear-induced changes in corneal epithelial innate defense genes coincided with the upregulation of both NF-kB and activator protein-1 transcription factors suggesting that tears influence many other stress response and innate defense genes. Thus, not only could corneal innate defenses be potentially compromised by lens material through direct effects on the corneal epithelium but also by lens-mediated effects on tear film volume and composition. It is well established that lens materials differ in their ability to adsorb tear film proteins and ocular mucins, [39] [40] [41] [42] but it is not yet known how this impacts normal ocular innate defense against infection or the pathogenesis of microbial keratitis.
CONCLUSIONS
So why does contact lens wear predispose the cornea to microbial keratitis and could lens material affect disease pathogenesis? Although lens material has not yet made a difference in the incidence of microbial keratitis from a perspective of conventional hydrogels versus silicone hydrogels, it could readily do so in future. The lens is a conduit for microbial entry into the eye, attachment and biofilm formation, and other microbial adaptations that could provide microbes the time and opportunity for virulence, for example, microbial traversal of the corneal epithelial barrier and resistance to antimicrobial factors. The lens also disrupts the tear film ocular surface interface, and the lens material can suppress corneal epithelial innate defense responses to microbial antigens in vitro resulting in reduced antimicrobial defenses against infection. Contact lenses can also interfere with normal epithelial proliferation and differentiation that may compromise barrier function. Lens interference with host defenses in vitro also takes time (several days) suggesting that, with current materials, lens effects on innate defenses (and microbial virulence) are more likely to be prevalent with overnight or extended wear which are known risk factors for infection. However, daily wear is also associated with microbial keratitis, and it would be of interest to determine if disease pathogenesis differs between these lens wear modalities. The bad news is that microbial keratitis seems to be a complex multifactorial disease involving microbial host-lens interactions that are difficult to predict and model. Indeed, the dynamics of those interactions are likely to be further complicated by the potential for lens care solutions to affect any one, or more, of those components, that is, the bacteria, corneal epithelium, or lens material. The good news is that our knowledge today suggests that future lens materials could make a significant difference in reducing the risk of microbial keratitis by preventing microbial access and adaptation to the ocular surface and preventing lens effects in compromising the corneal epithelium. It remains to be determined if silicone hydrogel materials will be part of that equation.
